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SUMMARY 


The pxnrpose of the present research was to gain information as to 
the fundamenteJ. mechanism of fretting corrosion. More particularly, 
the specific questions to he answered were 'vdiether chemical action played 
an in 5 )ortant role in fretting of metal surfaces and -vdiether any such 
action would tii 5 >rove the corrosion resistance of the metals Investigated. 
In order to answer these questions, tests were made with the same pairs 
of materials in air, in vacuum, in osygen, and in helium under identic « lL 
conditions of load and slip. With nearly all the materials tested there 
was less damage in vacuum than in air, and lees in an inert atmosphere 
than in oxygen j In no case was the damage in vacuum greater than in air, 
although in most cases the friction force in vacuum was greater than in 
air. 


The results of these experiments have shown that chemical action 
is of primary Importance in fretting- corrosion effects, and oxide formation 
does not give any protection to the metals hut rather Increases the rate 
of wear. In most cases of fretting, wear between vibrating surfaces is 
of such a severe nature that any protective oxide films are abraded. 

Oxide layers are worn off even with those metals on ^Aiich stable oxLde 
films would be formed under less severe conditions of wear. As most of 
the metal oxides are extremely hard, the wom-off debris trapped between 
the vibrating sxirfaces acts aa an abrasive. The severity of the damage 
depends on the hardness values of oxides and parent metals. If, for 
example, one of the metals is soft, the hard oxide fragaents may be 
embedded in the softer metal, thus reducing the rate of wear. 


HfERODUCTION 


The term "fretting corrosion" is generally applied to the conrosion 
phenomena observed at the contact surfaces of machine parts subject to 
vibration. The occurrence of fretting corrosion has been pointed out 
and its general appearance described by sevez^ authors (references 1, 

2, and 3) . Fretting corrosion frequently appears on surfaces ■vdiich are 
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Intended to have no relative motion hut Tdiich are aesociated with 
vlhratlng machinery . It may occxcr, for example, on the mating surf aces 
of a hearing race and of a shaft tightly fitted together, on splined 
surfaces, or on the contact surfaces of a railroad-car >*1001 and axle. 

It has heen shown that some slippage, even thou^ of the order of a 
mlcrolnch or perhaps less, is necessary to cause fretting. In the 
absence of slip there is no fretting (references 1 wnfl 2) , 

The fretting-corrosion damage appears to he worse, other things 
being equal, the better the original fit of the surfaces. For this reason 
the fretting-corrosion pix>hlem is particularly serious in the aircraft 
and automotive industries, in ■vdilch very close fits are employed on peo^ts 
subject to vibration. In such cases fretting corrosion is serioxis for Its 
own sedce, since the tolerances are so small that the sll^t change in 
shape associated with the corrosion may render the parts useless . There 
is also evidence that the (damaged surfaces develop fatigue cracks at 
a lower stress than nonfretted ones. Fretting corrosion .may thus also 
act to lower fatigue strength as well as to cause stcrface damage 
(reference 4 ) . 

Investigators at the Massachusetts Institute of Technology, as well 
as in other places (references 2 , 5, 6, T, and 8), have done a large 
amount of work on the fretting-corrosion resistance of nmerous pairs of 
materials. Althoxi^ a great amount of eyper i me n tel material hais been 
gathered, the atten5)ts to Interpret the results in terms of the physical 
properties of the materials involved have met with only petrtial success. 
Because the phencaaena of fretting corrosion are part of the more general 
problem of wear, the atten5>t was made herein to apply some of the 
conclusions reached in wear tests to the field of fretting corrosion. 

For instance, the results of wear tests with radioactive tracers 
(reference 9 ) seemed to indicate that a correlation existed between the 
solid solubility of the two materials and the amount of metal transferred 
between the rubbing surfaces. A correlatian was accordingly sought 
between the results of the fretting-corrosion tests and the solubility 
of the two components Involved. In some cases it seemed that the corrosion 
resistance was low for pairs of materials, the solid solubility of which 
was hl^. In other cases, however, no correlatian could be established. 

A slmlletr attempt was made to correlate tiie corrosion resistance with 
the recrystalllzatlon ten5>erature of the fretting metals. This interpre- 
tation, too, was only partly successful. 

Experimental investigations in this laboratory have so far been 
chiefly concerned with the corrosion resistance of numerous pairs of 
materials under dry conditions and - in a few cases - when lubricated 
with E. P. lubricants.- Besides these Investigations of different materieils, 
however, a few other parameters have also been examined. The Influence 
of hardness of one of the two surfaces has been investigated with a 
combination of steel on steel. Furthermore, the Influence of surface 
roughness has been examined with a combination of copper alloy and steel. 
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There vas no appreclahle diffeirence "betveen the corrosion resistance of 
smooth and ro\i^ copper-alloy sxirfaces; neither did soft and hard steels 
hehave very differently. The conclusion was, therefore, that within the 
range of the Investigated parameters, surface finish and hardness were 
of secondary ln 5 )ortance for the corrosion resistance of the two pairs of 
materials Investigated. 

A "brief summary of some of the results of these o"bservatlons Is 
given In table I, In •tdilch the different ccmblnatlons are given according 
to three grades of hl^, medium, and low corrosion resistance. These 
restilts are all qtialltative, since the only means of evaluation so far 
developed is visual Inspection of the specimens. Attempts have "been 
made to measure the weight loss of the specimens, "but the damaged areas 
are so nm a l I in the apparatus \ised that these atten 5 )ts have "been uuH nor.ABPful- 
From inspection of ta"ble I it is evident that none of the explanations 
mentioned is capa"ble of adequately interpreting these results. It was, 
therefore, decided to attack the pro"blem from a different angle, as follows. 

In the general problem of wear, the role of oxidation has been a 
controversial subject for a long time. Fink (reference 10), for Instance, 
believes that oxidation accelerates the wear process. This opinion Is 
based on experiments in which wear-test specimens showed a greater weight 
loss In an atmosphere containing oxygen than In a chemically Inert gas . 
Fosenberg and Jordan (ref ei^nce U) , on the other hand, showed that. In 
some case®, oxide films on the weeur-test specimens might protect the 
wearing surfaces. Their experiments seem to indicate that the rate of 
wear may be lees In oxygen than In an atmosphere free of oxygen. These 
two sets of results suggest that ecmetlmes oxide films give effective 
protection to the wearing surfaces, whereas In other cases oxidation 
accelerates the rate of wear. In order to protect the rubbing suirfaces 
effectively. It Is, of course, necessary that the oxide films adhere 
well to the surfaces of the wearing metals. Whether oxide formation has 
a beneficial or a detrimental Influence on the wear properties depends 
not only on the nature of the materials Involved but on the type of wear 
as well. 

It thus appears that a Isnovlodge of the role played by oxidation In 
the fretting of metal sinrfaces might lead to a better xmderstanding of 
the fundamental processes Involved in fretting corrosion. At the time 
when the present work was undertaken, however, only a few data were 
available from which any such Imowledge could be gleaned. It was decided, 
therefore, to make teste in air and vacuum and in oxygen and hellvim, 
with the expectation that the results woiild shed acme ll^t on the 
Importance of oxidation in fretting corrosion. 

This work was conducted at the Massachusetts Institute of Technology 
under the sponsorship and with the financial assistance of the National 
Advisory Ccmmlttee for Aeronautics. 
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EXPERIMENTAL APPARATUS 
Vibratory System 


The apparatus used for the tests the results of which are given 



in cross section, mounted as a horizontal cantilever beam 10 inches long. 
Tlie free end of this beam was set into horizontal forced vibration 
at 120 cycles per second by means of a small electromagnet operated from 
the 60- cycle power line. A small verticeil steel pillar 1 inch in length 
was attached to the side of the cantilever at a point 8 inches from the 
free end. A test specimen l/li- inch long and 1/4 inch in diameter was 
attached to the upper end of the pillar; the flat top surface of this 
cylindrical specimen was met£illographlcally polished. The other test 
specimen, •vdiich was spherical, was mounted at one end of a horizontal 
arm by means of which the sphere was rigidly held. It was pressed 
downward against the flat siorface of the other specimen with any force 
desired by means of adjustable wei^ts . 

When the cantilever was set into vibration the cylindrical specimen 
tended to move back and forth in contact with the stationary sphere. 

The pillar to which the cylinder was attached was somewhat flexible, 
however, so that for small an^litudes of vibration there was no relative 
motion of the contacting surfaces. At a certain amplitude the static- 
friction force was exceeded and slip occurred. Both the absolute 
displacement of the cylinder and its displacement relative to the point 
of the cantilever at which the pillar was attached were measured by 
means of piezoelectric crystal pickups suitably mounted on the apparatus. 
The output from the pickup registering absolute displacement was fed 
to the horizontal-deflection plates of a cathode-ray oscilloscope, while 
that of the relative-displacement pickup went to the vertical-deflection 
plates. Since the pillar deflected elastically relative to the cantilever, 
the vertical motion of the cathode -ray beam was proportional to the 
friction force between the specimens • A force-displacement diagram thus 
appeared on the oscilloscope screen. 

This apparatus was not used in the present tests primarily beca\:ise 
of its size, which would have necessitated a ver;/ large vacuum chamber. 
Furthermore, the path of the cylindrical specimen was not a straight 
line but was a complicated curve, the shape of which depended on the 
amount of slip. A new vibratory apparatus was therefore constructed 
which -vmis satisfactory in both these respects. This apparatus is showi 
in figivre 1. The principle of operation was the sane as in the previous 
equipment. The vibrating member D was a T-shaped piece of steel 
mounted on stiff flat springs K clamped to a steel base block E. 

The cylindrical specimen A tos screwed to a flexible pillar B •vhlch 
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was carried by the vibrating member D. The spherical specimen C was 
mottnted in arm G supported by springs H. 

■Vdien the electromagnet F was excited with 6o-cycle current, the 
member D was caused to vibrate at 120 cycles per second and the 
cylindrical specimen A tended to move back and forth in a strai^t 
line in contact with the sphere C. The absolute motion of A (i*e., 
the motion with respect to C) was measured by pickup I, 'vdiile the 
motion of A relative to D was measured by pickup J . The pillar B 
being elastic, the latter motion was proportional to the friction force 
acting between the two specimens. In use, the apparatus shown in figure 1 
was mounted on a circular cast-iron plate and covered with a glass bell Jar. 

It was considered desirable to remove as much oxygen as possible from 
the conteu3ting surfaces of the specimens. This was done by electrlcaliy 
insulating the specimens from each other, holding them apart about 
l/l6 inch, and passing an electric discharge between them -vdien the bell 
Jar was partly evacuated. An electromagnetic device (not shown in fig. 1) 
Tdiich could be operated with the bell Jar in place was arranged to bring 
the specimens into contact after the discharge had done its work and a 
test was to be started. 

It has been pointed out that the motion and the frictional force 
between the two samples were measured with piezoelectric pickups . The 
output of the force pickup was connected to the vertical plates of a 
cathode-ray oscilloscope, -vdiile the displacement pickup was connected to 
the horizontal plates. Figure 2(a) shows a force-displacement loop as 
observed on the screen of the cathode-ray osciLloscope . For small 
amplitudes of the vibrating system an ellipse appeared on the screen. 

As the amplitude was Increased, the ellipse became wider and hl^er 
until it suddenly assumed the shape of figure 2(a) . The transition from 
ellipse to loop could also be effected by a decrease in the normal load 
pressing the specimens together. Again the transition was abrupt. This 
sudden change in the shape of the force -displacement diagram is interpreted 
as denoting the occurrence of slip between the specimens . The ellipse 
corresponds to purely elastic displacements, while the loop of figure 2(a) 
includes both elastic motion and slip. At point 1 the friction force is 
a maximum, corresponding to the coefficient of static friction. Between 
points 1 and 2, slip occurs and the friction force decreases. At point 2 
the motion of the vibrating member reverses and there is no further slip 
until the force reaches a maximum in the opposite direction at point 3 • 

This interpretation of the force-displacement curves is verified by the 
fact that no damage to the specimens occurred for an elliptical diagram. 

On the other hand, damage never f Ailed to appear for a diagram like 
figure 2(a). It thus seems certain that slip is absent in the elliptic 
case but present in the other. 

Figure 2(b) shows the force-time curve for the slip loop of figure 2(a) 
corresponding points on the two curves are denoted by the same nvonber. 
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This particular shape of force curre can readily he explained. The 
friction force has a maitnnim at point 1 corresponding to the coefficient 
of static friction. Once the two corrosion samples start to move relative 
to each other the value of the friction force falls off from point 1 
to point 2, at first rapidly and then more gradually. Vhen the vibrating 
part reverses its direction, the friction force changes its sign and 
asstsoss a TM-HmTm value in the other direction until the specimens start 
to move relative to eew;h other. Once the samples start to slip, the 
friction force decreases to a value corresponding to the coefficient of 
kinetic friction. 

The displacement- time curve shown in figure 2(c) is numbered to 
correspond with figures 2(a) and 2(b). On comparing figures 2(c) and 2(a) 
it is seen that during slip, between points 1 and 2, the velocity of 
displacement reaches its maximum value. At point 2 the displacement is 
a maxinriTm and the velocity Is zero. Between points 2 and 3, >diere the 
displacement is elastic, the velocity is less in absolute value than 
during a slip. 

As a rule most of the loops observed wore not as smooth as the one 
shown in figure 2(a) . The loops of the type shown in figure 3(a) wore 
due to stick- slip between the corrosion specimens. During the slip 
period the specimens do not slide uniformly but the motion is an 
intermittent sliding and sticking. At point 1 of the loop the friction 
force corresponds to the static-friction coefficient. As the san5)lee 
start to slide, the friction force decreMoa,but at point l' of the loop 
the speclme(aB stick again and the friction force increases. The same 
process repeats itself at point l". The three successive maTlmums of 
the friction force beccme more evident fi\3m inspection of the force-time 
curve of figure 3(b) . The displacement- tlaie curve is shown in figure 3(c) 
Corresponding points of figures 3(a), 3(^)^ and 3(c) are denoted by the 
same numbers. It will be noted that the horizontal parts of the 
displacement -time curve of figure 3(c) correspond to the periods of rest 
in the stick-slip cycle. 


Vacinmi System 

The vacuum system was designed in such a way that it was possible 
to exchange the frettlng-corroslon specimens qxiickly and easily. A 
bell- Jar system fulfilled these requirements, eilthou^ the vacuum 
attainable was limited by the inevitable lealoB between bell Jar and base 
plate. A schematic diagram of the whole system is shown in figure 4. 

In this figure, 25-millimeter pyrei tubing is indicated by a double line 
and the lO-mlUlmeter connections are drawn aa single lines. The •vdiole 
system was mounted underneath a tabled the pump plate, •vdiich had five 
electric lead-ins, was permanently screwed to the top of the table. 

One pair of connections was used for the two electrostatic pickups J 
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S' third. 0 l©ctrod .6 was connected, with the electromagnet exciting the 
vibrating system. The fourth lead— In actuated the release mechanism of 
the upper fretting— corrosion specimen. The fifth electrode was connected 
with a high— voltage transformer, which was used for producing an electric 
discharge between the two corrosion specimens. It was hoped that this 
discharge would drive out the gases which might be adsorbed on the 
surfaces of the samples. 

A Cenco Megavac pump was used for the mechanical forepump. In the 
high— vacuum part of the system two mercury— vapor diffusion pumps were 
connected in series. The first was of pyrex glass; the second was of 
steel. All the main connections from mechanical pump to diffusion pumps 
and bell Jar were made with 25-iallllmeter pyrex tubing to Insure a speedy 
evacuation of the system. The connections to the steel diffusion pump 
were sealed with de Khotlnsky cement. Inltlsilly, a large ll(iuld— air trap 
was included between the steel diffusion pump and the bell Jar. The 
connection between steel diffusion pmp and this liquid— air trap was 
found to be a weak spot in the vacuum system. The diameter of the part 
of this glass trap Joining the steel diffusion pump was more than 
80 millimeters. It was found that small cracks in this glass gave rise 
to leaks. Because of the difflciaty of annealing the large-diameter 
tubing, new cracks appeared after the old leaks were sealed. It was 
finally decided to discard this liquid-air trap. 

McLeod gauges A and B were used to measure the pressiure in the fore- 
vacuum and high— vacuum parts of the system, respectively. The minimum 
pressures which could be measured with the two gauges with any accuracy 

were 10~^ and 10 ~^ millimeters of mercury, respectively. The five 
stopcocks of the vacuum system, which are shown in figure 4, were arranged 
In such a way that they could be conveniently handled by an operator 
sitting In front of the table on which the apparatus was mounted. 

Different seals were tried for the connection between the chromium- 
plated pump plate and the finely ground rim of the bell Jar. It was 
found that the best seal was achieved when a Cenco vacuum— sealing compound 
was applied to the ground rim of the bell Jar before it was put on the 
plate. After the Jar was put in position an Aplezon wax was applied to 
the Joint to give additional protection against leaks. In the course of 
this work two bell Jars were used with volumes of about 35 liters and 
l8 liters. 

The bell Jar could be shut off from the vacuum system with 1— inch 
stopcock V of figure 4. The position of the stopcocks in figure 4 
corresponds to normal operating conditions during the evacuation of the 
bell Jar. After a corrosion test, stopcock V was shut, and stopcock III 
was turned by an angle of 90 ° in a clockwise direction to connect 
McLeod gauge B with the steel diffusion pump; air was then admitted to 
the bell Jar by turning the three^ay stopcock II by an angle of 45° in 
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a clockwise direction. After the conroslon specimens had heen exchanged, 
the hell Jar was put hack and stopcock II was turned in such a way that 
the fore-punro system was connected with the hell Jar (*+5° from the position 
of the stopcock in fig. H in a counterclockwise direction) . When the 
pressure in the hell Jar was low enough for effectire operation of the 
diffusion pumps, stopcock V was opened. In this way air could he admitted 
to the hell Jar without the necessity of waiting for the diffusion pximps 
to cool. When McLeod gauge B was directly connected with the steel 
diffusion pmp while stopcock Y was shut, McLeod gauge B showed sticking 

vacuum, thus Indicating a pressure of 10”5 to 10"^ millimeters of mercury. 
The conclusion was that the system up to the 1— inch stopcock V did 
not contain any appreciable leaks. When the hell Jar was connected with 
the system, the pressure was considerahly hi^er because of the inevitable 
leak between hell Jar and pump plate. The vacuum of the hell Jar during 

the tests was between 10" 5 and 5 X 10"^ millmeters of mercury. The 
leak rate of the hell Jar was between 10 and 100 microns per hour, the 
rate depending on the quality of the seal between hell Jar and pump 
plate. The speed of the steel diffusion punp was about h liters per 
second. The vacuum attained was in good agreement with the measured leak 
rate, the pump speed, and the volume of the system to he evacuated. 

The leak between hell Jar and pump plate was mentioned as the main 
limitation of the system. Another limitation was the amount of gas 
given off by the fretting-corrosion apparatus. As it was impossible to 
heat the hell Jar, the had effects of the gas developed could not he 
avoided. For a given leak rate, the maximum vacuum could he reached 
more quickly when the fretting-corrosion apparatus was not under the 
hell Jar. 


TEST PEOCEDUES 


Visual observation of the corrosion damage was the chief means used 
to estimate the corrosion resistance of the tested materials; furtheimiore 
the amount of debris formed dxjring the test gave a good indication of 
the quality of the combination. Weighing of the specimens before and 
after testing was also tried. Since, however, the weight loss could he 
either positive or negative (on account of the chemical action at the 
surface) and since the wei£^t changes were found to he too small for 
measurement on an analytical balance, the attempt was abandoned. Other 
observed factors were the hei^t end shape of the slip loop formed on 
the screen of the cathode-ray oscilloscope . The average height of the 
loop was a measure of the magnitude of tiie friction force, and any changes 
in the shape of the loop revealed variations of the friction force ditring 
the test. The electromagnet of the vibrating system was fed through a 
Veriac, the position of which was also recorded. This position, as well 
as the height of the friction loop, gave an ilndicrtion of the magnitude 
of the friction force between the two specimens. 
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For any two corrosion experiments, it coiad readily te decided ty 
visual Inspection which test had yielded the greater amount of dehris. 

For that reason two photographs of each corroded specimen were taken. 

The first photograph showed the specimen with the dehris formed during 
the test; the second depicted the corroded spot after the dehris had 
been wiped off the surface. In the corrosion experiments discussed in 
the following paragraphs, it is felt that the amount of dehris gives 
in many cases a good indication of the relative merits of a given pair 
of materials tested under different experimental conditions. 

In order to gain a fiirther indication of the severity of the 
corrosion damage, the following procedure was frequently applied. After 
the corrosion experiment, the test specimen was polished with a soft 
cloth. The length of time required to remove the corrosion spot was 
taken as a measure of the corrosion damage. This test was particularly 
valuable in those cases in which a soft metal was rubbed agaitist a 
harder surface. In these cases it often happened that no real damage 
was done to the hard material but some of the soft metal was smeared 
over the hard surface. Inspection under the microscope sometimes 
revealed differences in color, which were helpfia in distinguishing 
between material transfer and damage. Unfortunately, the colors do not 
appear in the photographs. 

The tests were divided into two groups, the first of which comprised 
several pairs of materials chosen from all three classes of table I so as 

to get a well-rounded picture of the effect of oxidation on fretting 
corrosion. 

In the second group of tests, materials with low corrosion resistance 
were investigated under various conditions. Experiments were made in air, 
oxygen, and a chemically inert atmosphere. Moreover, with the combination 
of steel on steel, the influence of degassing in an electric discharge 
was examined in more detail. With all the other materials tested, no 
difference in corrosion damage could be detected between degassed test 
samples and the specimens used ordinarily. With steel, however, a 
marked difference was found. 

The test conditions were chosen to be the same as those of the 
earlier runs for which the results are recorded in table I. These 


conditions were as follows: 

Wonnal load, grams 20 

Total maximum displacement of cylindrical specimen with 

respect to spherical specimen, millimeters 2 x 10~^ 

Duration of test, minutes 6.0 


There is some uncertainty in the value of 2 x 10~^ millimeter for the 
maximum displacement, but thld uncertainty does not affect the compara- 
tive results reported herein, since the displacement was the same for 
all tests. The force— displacement curves observed for these tests were 
not, in general, so well formed as those shown in figures 2 and 3. 
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Violent fluctuations in the friction force somotiraes occurred during the 
cycle, like the stick-slips shovn in figure 3 (a), hut on a larger scale. 
Occasionally also, the motion v/as not steady, the shape of the diagram 
changing from cycle to cycle. It vas possible in all cases, hovever, 
to hold the maximum displacement nearly constant t’nroii^out a run. This 
vas accomplished by slight adjustment of the Variac. 


DISCUSSION OF EESULTS 


The first pair of materieQ.s to be tested in vacuum and air vas a 
phosphor-bronze ball run against a carbon- steel flat. Figure 5 (a) shovs 
the ball after the test in the air. A large amount of debris vas found, 
vhich could be viped off -without difficulty. (See fig. 5(b).) The 
corroded spot looked darker than the surromding surface, thus indicating 
that the damaged spot vas badly oxidized. 

Figure 5(c) shows the corroded spot on the sphere after a test in 
the evacuated bell Jar. In -this case, -the damaged spot -was highly 
reflecting and no signs of oxidation were visible. After the test in 
vacuum, no debris -was found on "the phosphor-bronze sphere j all the few 
fragments formed d-uring the test in vacuum were deposited on the steel 
flat. For that reason only one photograph of the sphere was taken. 

Figure 6 sho-ws the -wear spots on -the steel flat. In the test in 
the air, the major part of the fragnents -was deposited on -fche sphere; 
some of the oxidized fragnents, ho-wever, were left on -fche steel flat, 
as can be seen in figure 6 (a) . The fact -that after the test in vacuum 
the corroded spot on the steel flat had the color of the phosphor-bronze 
sphere Indicated that some material -was transferred from the sphere to 
the flat. During the test in vacuum, the amount of debris formed was con^ 
slderably less than in air, and all of it was deposited on the steel flat 
sho-wn in figure 6 (c) . Although the damaged area was larger in vacuum 
than in air, the depth of the damage and its severity were less in 
vacuum. (See figs. 6 (b) and 6 (d).) Moreover, -the polishing procedure 
shoved that pai*t of the corrosion spots of figures 6 (c) and 6 (d) was 
material transfeired from "the phosphor-bronze sphere rather than damage 
to the s-urface of the steel flat. 

Table I sho-ws that -the corrosion resistance of the combination of 
copper alloy and steel has an intermediate value . Tills position of 
copper alloy in -the -table can perhaps be explained by the fact that, of 
the different metal oxides, the hardness of copper oxide has an inter- 
mediate value of 3.5 to 4 on the Moh scale. In -this particular case, 
the strongest indication as to -the relative corrosion resistance in air 
and in vacuum can be gained from the amo-unt of debris formed during -the 
tests. Comparison of figures 5(a) and 6 (c) shovs that many more fragments 
were formed during the test in air. This fact indicates clearly that 
the corrosion resistance is hif^er in vacuum than in air. 
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In the next run, In ^Ich a tin haniephere was run against a steel 
flat, the difference "between the damage in air and in vacuum was even 
greater than with the preceding comiblnation of phosphor-"bronze on steel. 
Figures 7(a) *uad T(t) show the damage to the tin hemisphere after the 
two tests. It is evident from figure 7(a) that this damage was very- 
severe after the test in air. As in -the preceding test wi-th phosphor- 
"bronze, the surface of the tin hemisphere was hl^ily reflecting etfter 
the "test in vacuum; this indicated that a clean tin surface was formed. 
There was no indication of any oxidation of the abraded surface after 
the test in vacum. Figure 8 shows -the damaged areas on the steel flat. 

It is evident from figure 8(a) that a large amoimt of debris was formed 
during the test in air. Only part of the fra^jnents produced is visible 
in figure 8(a) . Figure 8(c) sho-ws a corroded spot of another test -under 
the same conditions of load and slip. The debris -was easily removed 
from the steel flat by wiping. Inspection of the damaged spots of 
figures 8(a) to 8(c) makes it apparent that corrosion damage -was very 
serious. In table I -the combination of tin and steel -was classified as 
having a low corrosion resistance. This cleissif ication is in good 
agreement wl-th the fact that tin oxide is considerably harder than copper 
oxide, having a hardness value between 6 and 7 on Moh's scale. 

Figure 8(d) sho-ws -the corrosion spot after a test in vacuum. The 
steel surface was not damaged; the only visible effect of the test was 
■that a certain amoimt of tin -was transferred to -the steel flat. For 
the test in vacuum, only one pho-tograph -was -taken, as no debris was 
formed during this test. If the corrosion reslst^ce of tin on steel 
in vacuum were classified, it -woxild have to be placed in the column of 
high corrosion resis"bance. A comparison of figures 8(a) to 8(c) with 
figure 8(d) sho-ws that -the damaged area of the test in air was more 
than twice that in vacum. The rovind shape of -the corroded spot of 
figure 8(c) was more typical tJian -the elongated foim sho-wn in figures 7(a), 
8(a), and 8(b). The tests made wl-th tin on steel domons-trate most 
clearly -the Influence of an oxidizing a-traosphere on -the corrosion 
resistance . 

As -the -third pair of materials in the first groiip, an alminm 
hemisphere was run against a flat of alumlmmi- silicon alloy. Table I 
shows -that the combination of al-umlnm. on alumlntm has a low corrosion 
resistance . This classification is borne out by the severe damage sho-wn 
in figures 9(a), 9(b), 10(a), and 10(b). This low corrosion resis-tance 
is probably due -to -the fact -that alimilnm oxide is one of -the hardest 
me-tal oxides, having a hardness value of 9 on itoh's scale. After -the 
test in air, a large amo-unt of debris -was found on both hemisphere 
and flat. The results of the test in vacuum are illiin-trated in 
figures 9(c), 9(d), and 10(c). It is evident -that the damage under 
these conditions was much less severe -than in air and that fewer 
fragments were formed. 
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The foiirth pair of materials tested was a comhination of lead on 
steel. On the old apparatus. It had been found that this comhination 
had very good corrosion properties. Figures ll(a) and ll(h) show lead 
hemispheres after test in air and in vacuum, respectively. The corroded 
spot on the hemisphere run in vacuum was highly reflecting; this 
indicated that no oxidation took place. The corresponding spots on the 
steel flats are shewn in figures 11 (c) and ll(d) . The two tests in air 
and in vacuum did not show any appreciable difference inasmuch as no 
serious damage was done to the steel flat in either case. The material- 
transferred from hemisphere to flat under either condition could he 
wiped off with a cloth. Although lead oxide is rather hard, having a 
hardness value of 5 to 6 on Moh*s scale, the comhination of lead on 
steel has favorable properties. This is probably due to the fact that 

during the test the hard oxide fragments were embedded in the soft lead 
and were thus prevented from damaging the steel surface. 

Another test was run with a steel sphere and a lead— plated steel 
flat, the res\ilts of which are shown in figure 12 . As in the preceding 
test, material was transferred from lead surface to steel surface 
without damaging the latter, and all the transferred material could be 
rubbed off with a cloth. Comparison of figures 12(a) and 12 (c) with 
figures 12(b) and 12(d) shows that the area of contact was larger in 
vacuum than in air. This difference might have been due to the fact that 
the hard lead oxide formed during the test in air made it possible for 
the thin lead plate to support the load over a smaller contact area. 

The second group of runs was devoted entirely to pairs of materials 
with a low corrosion resistance and particularly to the combination of 
steel on steel. Because of its general importance in engineering 
problems, more tests were made with this combination than with any so 
far discussed. In one respect, the combination of steel on steel 
behaved differently from the other materials tested. The degassing of 
the specimens in an electric discharge had a pronounced influence on 
the corrosion resistance, but with the other materlads described in this 
report degassing did not seem to change the corrosion resistance. For 
tests in vacuum with steel specimens, the damage of degassed corrosion 
samples was less severe under otherwise identical conditions of pressvire. 
This point is illustrated in figures 13 and lU. Figure 13(a) shows the 
corroded spot on the steel sphere after a corrosion teat in air under 
atmospheric conditions. Figure 13 (b) shows the damage to the steel sphere 
after a test in vacuum, and figure 13(c) shows the damage to a degassed 
steel sphere tested in vacuum. Figure Ik shows the corresponding spots 
on the steel flats, which are mirror images of the spots on the spheres. 
Comparison of figures I3 and ik makes it evident that the greatest amo\uit 
of damage was done to the specimens run in air at atmospheric pressure, 
whereas the degassed specimens run in vacuimi showed the least damage. 
Figures 15 and 16 show the same corrosion spots at different magnifi- 
cations. These photographs show that not only the area of the corroded 
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part of the specimens was different but also the seriousness of the 
damage. No explanation is at hand for the fact that degassing of 
the test specimens in an electric discharge had a marked effect with 
the combination of steel on steel and none with the other materials 
tested. 

In the next experiments, the combination of steel on steel was 
tested in air and oxygen at atmospheric pressure • The spots of the two 
tests, which were both on the same flat, are depicted in figures 17 ( 8 ) 
and 17(b) . The ri^t-hand spot resulted from the test in airj the left- 
hand spot was produced by the test in oxygen. It is evident from these 
figures that the amount of debris formed, as well as the damage to the 
steel flat, was almost identical for both tests. This result is not 
surprising if it is noted that the partial oxygen pressures differed 
by only a factor of 5^ whereas the corresponding factor for the tests in 

7 

air and vacu^lm was approximately 10 . 

It seemed desirable to see whether these results coiild be corrobo- 
rated with another pair of materials . It was decided to choose the 
combination of aluminum on aluminum, which had been tested before in 
air and in vacuum (see figs. 9 and 10). Figure I 8 shows the damaged 
part of an aluminum hemisphere after tests in air and in oxygen at 
atmospheric pressure. Figure 19 shows the corresponding spots on the 
aluminum- silicon- alloy flats. The spots on the flats were mirror Images 
of those on the hemispheres. The amoimt of debris formed dxiring the 
tests and the severity of the damage were very similar for oxygen and 
air. It can be noted in figure 19(b) that the debris on the flat could 
not be wiped off readily, an appreciable part remaining after the flat 
had been wiped with lens paper. The corroded spots were irregular 
because the aluminum hemisphere was turned on a lathe and its surface 
was imeven. The resuilts of the tests with aluminum corroborate those 
with steel, and it lEay be concluded in both cases that air and pure 
oxygen have the same corrosive properties in fretting tests. 

In continuation of the second group of tests, fretting experiments 
were made in air and helium, both under atmospheric pressure. For the 
tests in helixun, the bell Jar was first evacuated and helium was then 
admitted into the system. The fretting tests in helium lasted several 
minutes, during Idiich time some air leaked into the system. The leak 
rate was very low, however, because the pressure inside and outside the 
system was the same. The tests were, therefore, performed in a mixed 
atmosphere rich in helium but also containing somo air . In examining 
the results of these tests, it must be remembered that the helium 
atmosphere was far from being free of oxygen. 

Figures 20 (a) and 20 (b) show the damaged part of two steel balls 
after a corrosion test in air and helium, respectively. Because most of 
the debris eccumudated on the flat in both tests, only one photograph 


Ik 


NACA TN No. 1^92 


of each steel hall was taken. Figures 2l(a) to 21(d) show the corre- 
sponding spots on the flats. It is evident from an inspection of 
figure 2l(a) that a large amoxmt of dehris was formed during the test 
in air; figure 21(c), on the other hand, shows only very few fragments. 
The conclusion is, therefore, that considerably less dehris is formed 
in heliim than in air, although the helium atmosphere contained some air. 

It is interesting to note that the findings in the present paper 
are in accord with the conclusions of Dies (references 5 and 6) , wherein 
the phenomena of fretting corrosion are explained hy the assumption 
that the hard particles of metal oxide which are trapped between the 
vibrating surfaces act as an abrasive and damage the metal sxirface. 

This mechanism seems to operate even with metals which - tmder less 
severe conditions - form stable oxide layers. 


CONCEUSIONS 


Tests made with the same pairs of materials in air, in vacuum, 
in oxygen, and in helium under identical conditions of load and slip 
show conclusively that oxidation plays an Important role in fretting 
corrosion. The debris formation and the severity of the damage were 

considerably less in air under reduced pressure of lO"^ to lO'^ millimeters 
of mercury than in air at atmospheric pressure. Likewise, corrosion tests 
performed in an inert atmosphere produced less damage than experiments 
performed in air or oxygen under otherwise identical conditions. 

The hardness of the oxides appears to be an important property in 
connection with fretting corrosion. The damage produced is large with 
those combinations in -which both the metal and its oxide are hard. The 
high corrosion resistance of lead on steel can be explained by the fact 
that the hard oxide particles embed themselves in the soft lead and 
hence do comparatively little damage. It can thus be concluded that 
fretting corrosion belongs to the group of wear problems for ■vdiich 
oxidation affords no protection. 

The fact that the oxides of all metals of practical inportance are 
hard makes the prevention of fretting- corrosion damage a difficult task. 

The reduction of oxidation by evacuation is ordinarily feasible only 
in experiments such as are described in this report. The question as 
to whether the access of oxygen to the fretting surfaces can be reduced 
by some other means, as for instance by the application of greases or 
lubriceting oils, is outside the scope of the present investigation. 


Massachusetts Institute of Technology 
Cambridge, Mass., December 4, 1946 
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TABLE I 

FR E TT ma - CORROSIOy RESISTANCE OF VARIOUS MATERIALS UNDER URY CONDITIONS 



Corrosion resistance 


Low 

Medium 

High 

Steel on steel 

Cadmium on steel 

Lead on steel 

Nickel on steel 

Zinc on steel 

Silver plate on steel 

Alirninum on steel 

Copper alloy on steel 

Silver plate on aluminum 

Alumimim- silicon alloy 

Zinc on aluminum 

plate 

on steel 

Copper plate on etluminum 

Parkolubrlted steel on 

Antimony plate on steel 
Tin on steel 
Aluminum on aluminum 
Zinc-plated steel on 
aluminum 

Iron-plated steel on 
aluminum 

Nickel plate on eLluminum 
Silver plate on aluminum 
Iron plate on aluminum 

steel 
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L oad 



Load 



Pickups not shown in 
this view. 

Fi^re 1.- Vibratory apparatus. A, cylindrical specimen; B, flexible steel 
pillar; C, spherical specimen; D, vibrating member; E, base block; 

F, electromagnet; G, arm for holding spherical specimen; H, spring - 
steel hinge; I, pickup for absolute displacement of cylindrical specimen; 
J, pickup for displacement of cylindrical specimen relative to vibrating 
member D (friction -force pickup); K, flat-spring supports for vibrating 
member D. 
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Figure 2.- 



(a) Slip loop. 



(b) Force -time curve. 



(c) Displacement -time curve. 


Force and displacement curves without stick-slip. 
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Figure 3,- 



1 

ZA' 1 

1 1 
< 1 
t 1 


i 1 
1 Ja, 

3 

(a) 

Slip loop. 

A 

! \ 

1 

! 

! \ 

i ' 

/ 

1 « 

1 1 

} 

\ f A ' 

V 

3 

(b) Force -time curve. 
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(c) Displacement -time curve. 


Force and displacement curves with stick -slip. 







Figure 4.- Schematic diagram of vacuum system. 
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Figure 5.- 



(a) Phosphor-bronze sphere after test 
in air of atmospheric pressure. 
Before wiping. 



(b) Phosphor-bronze sphere after test 
in air of atmospheric pressure. 
After wiping. 



(c) Phosphor-bronze sphere after test 
in vacuum. Wear spot is highly 
polished. 

Phosphor-bronze sphere run against SAE 1020 steel flat in air 
and vacuum. Magnified 50 times. 









(a) Steel flat after test in air of 
atmospheric pressure. Before 
wiping. Damaged spot has color 
of phosphor-bronze sphere. 



k. 

(b) Steel flat after test in air of 
atmospheric pressure. After 
wiping. Damaged spot has color 
of phosphor-bronze sphere. 



(c) Steel flat after test in vacuum. 

Before wiping. Damaged spot has 
color of phosphor-bronze sphere 
but to lesser extent than after test 
in air. 



(d) Steel flat after test in vacuum. 
After wiping. Damaged spot has 
color of phosphor-bronze sphere 
but to lesser extent than after test 
in air. 



Figure 6.- SAE 1020 steel flat run against phosphor-bronze sphere in vacuum 

and air. Magnified 50 times. 
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(a) Tin hemisphere after test in air of 
atmospheric pressure. Most of the 
debris is on the flat. 



(b) Tin hemisphere after test in 
vacuum. Wear spot is highly 
polished. 


Figure 7.- Tin hemisphere run against SAE 1020 steel flat in air and 

vacuum. Magnified 50 times. 









(a) SAE 1020 steel flat after test in air 
of atmospheric pressure. Before 
wiping. About 70 percent of the 
debris formed is shown. 



(b) SAE 1020 steel flat after test in 
air of atmospheric pressure. 
After wiping. 




(c) 


SAE 1020 steel flat after test in air 
of atmospheric pressure. 



(d) SAE 1020 steel flat run against tin 
in vacuum. 


Figure 8.- SAE 1020 steel flat run against tin hemisphere in air and 

vacuum. Magnified 50 times. 
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(a) Aluminum hemisphere after test in air 
of atmospheric pressure. Before wiping. 



(b) Aliiminum hemisphere after test in 
air of atmospheric pressure. After 
wiping. 



(c) Aluminum hemisphere after test in 
vacuum. Before wiping. 


(d) Alu minu m hemisphere after test 
in vacuum. After wiping. 


,ure 9.- 


Aluminum hemisphere run against aluminum -alloy flat 
in air and vacuum. Magnified 100 times. 
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(a) Aluminum -alloy flat after test in 
air. Before wiping. 



(b) Aluminum-alloy flat after test in air. 
After wiping. 



(c) Aluminum -alloy flat after test in 
vacuum. Before wiping. 


Figure 10.- Aluminum -alloy flat rim against aluminum hemisphere 
in air and vacuum. Magnified 100 times. 







(a) Lead hemisphere after test in air of 
atmospheric pressure. 


(b) Lead hemisphere after test in 

vacuum. Wear spot highly polished. 



Figure 11.- Lead hemisphere run against SAE 1020 steel flat in air 
and vacuum. Magnified 50 times. 
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(a) Steel sphere after test in air. 


(b) Steel sphere after test in vacuum. 



(c) 


Lead-plated steel flat after test in air. (d) 



Lead -plated steel flat after test in 
vacuum. 


Figure 12.- Steel sphere run against lead -plated steel flat in air 

and vacuum. Magnified 50 times. 
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(a) Steel sphere after test in air. 
Corroded spot looks brownish. 



(b) Steel sphere after test in vacuum. 



(c) Steel sphere after test in vacuum 
with degassed specimens. 


Figure 13.- Steel against steel in air and vacuum. Chromium -steel sphere 
against SAE 1020 steel flat. Magnified 100 times. Mating steel flats are 
shown in figure 14. 




NACA TN No. 1492 


43 



(a) Steel flat after test in air. 
Corroded spot looks brownish. 



(b) Steel flat after test in 
vacuum. 


(c) Steel flat after test in vacuum 
with degassed specimens. 

Figure 14.- Steel against steel in air and vac-uum. SAE 1020 steel flat 
against chromium -steel sphere. Magnified 100 times. Mating 
chromium-steel spheres are shown in figure 13. 
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(a) Steel sphere after test in air. Corroded 
region looks brownish. Magnified 
150 times. 



(b) Steel sphere after test in vacuum. 
Magnified 200 times. 



(c) Steel sphere after test in vacuum 
with degassed specimens. Magnified 
300 times. 


Figure 15.- Steel against steel in air and vacuum. Chromium -steel 
sphere against SAE 1020 steel flat. Magnified 150, 200, and 
300 times. 
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(a) Steel flat after test in air. Corroded 
spot looks brownish. Magnified 
150 times. 



(b) Steel flat after test in vacuum. 
Magnified 200 times. 



(c) Steel flat after test in vacuum with 
degassed specimens. Magnified 
300 times. 



Figure 16.- Steel against steel in air and vacuum. SAE 1020 steel flat, 
against chromium -steel sphere. Magnified 150, 200, and 300 times. 
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(a) Steel flat before wiping. Right- 
hand spot is result of corrosion 
test in air. 



(b) Steel flat after wiping. 



Figure 17.- SAE 1020 steel flat run against chromium -steel spnere in 
oxygen and air of atmospheric pressure. Magnified 25 times. 











(a) Aluminum hemisphere after test 
in air. Before wiping. 



(b) Aluminum hemisphere after test 
in air. After wiping. 



(c) Aluminum hemisphere after test Aluminum hemisphere after test 

in oxygen. Before wiping. in oxygen. After wiping. 

Figure 18.- Aluminum hemisphere run against aluminum -alloy flat in air and oxygen 
of atmospheric pressure. Magnified 100 times. 


CD 


NACA TN No. 1492 











V 


<• 


V 




(a) Aluminum -alloy flat after test in air. 
Before wiping. 


(b) Aluminum -alloy flat after test in air. 
After wiping. Not all debris was 
removed by wiping with lens paper. 



(c) Aluminum-alloy flat after test in 
oxygen. Before wiping. 


(d) Aluminum-alloy flat after test in 
oxygen. After wiping. 


Figure 19.- Aluminum -alloy flat run against aluminum hemisphere in air and 
oxygen of atmospheric pressure. Magnified 100 times. 
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(a) Steel sphere after test in air. 

Before wiping. Most of the debris 
is on steel flat. 



(b) Steel sphere after test in 

helium. Before wiping. Most 
of the debris is on steel flat. 



Figure 20.- Chromium -steel sphere run against SAE 1020 steel flat in 
air and helium of atmospheric pressure. Magnified 100 times. 











(b) Steel flat after test in air. 
After wiping. 


(a) Steel flat after test in air. 
Before wiping. 





(c) Steel flat after test in helium. 
Before wiping. 



(d) Steel flat after test in helium. 
After wiping. 


Figure 21.- SAE 1020 steel flat run against chromium -steel ball in air and helium 
of atmospheric pressure. Magnified 100 times. 
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